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Primitive blood constitutes the ventralmost mesoderm in amphibians, and its cleavage-stage origin reveals important clues
about the orientation of the dorsal/ventral axis in the embryo. In recent years, investigators employing various
lineage-labeling strategies have reported disparate results for the origin of primitive blood in Xenopus [W. D. Tracey, Jr.,
M. E. Pepling, G. H. Thomsen, and J. P. Gergen (1998). Development 125, 1371–1380; M. C. Lane W. C. Smith (1999).
Development 126, 423–434; K. R. Mills, D. Kruep, and M. S. Saha (1999). Dev. Biol. 209, 352–368; A. Ciau-Uitz, M.
Walmsley, and R. Patient (2000). Cell 102, 787–796]. These discrepancies must be resolved in order to elucidate early
embryonic patterning mechanisms in vivo. We directly compared two of the techniques used to determine the origin of the
ventral blood islands and primitive blood, injection of either -galactosidase mRNA or conjugated dextrans, by coinjecting
both tracers simultaneously into individual blastomeres in cleavage-stage embryos. We find that dextrans label progeny
efficiently, while -galactosidase activity is not present in many of the progeny of an injected blastomere, suggesting that
mRNA fails to diffuse throughout a blastomere. This result demonstrates that -galactosidase mRNA fails to meet the
criterion for a true lineage label, namely efficient detection of the progeny of a blastomere, and raises questions about
interpretations based on mapping the ventral blood islands using Lac Z mRNA as a tracer. We examined the origins of the
ventral blood islands and primitive blood from the vegetal region of the marginal zone in regularly cleaving embryos by
coinjecting both reporters into C-tier blastomeres. Our results demonstrate that both the ventral blood islands and primitive
blood routinely arise from all C-tier blastomeres. Our data, in combination with published mapping results for the dorsal
aorta, demonstrate that primitive and definitive blood do not have separate origins at the 32-cell stage in Xenopus. In
addition, these results support a proposal to align the dorsal/ventral axis of the mesendoderm with the animal/vegetal axis
in pregastrula Xenopus. © 2002 Elsevier Science (USA)
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The formation of blood in vertebrate embryos raises
questions that impact our thinking about diverse aspects of
embryonic development. These questions address broad
fields of interest, such as axial patterning, as well as more
specific problems in developmental hematopoiesis. Blood is
a derivative of the lateral plate mesoderm and is considered
the ventralmost mesoderm in vertebrates (Carlson, 1981).
The origins of blood and other lateral plate derivatives as
determined by fate mapping provide important clues about
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52the orientation of the dorsal/ventral axis at embryonic
stages when this axis is not morphologically apparent. In
vertebrates, two broad classes of blood form sequentially.
Primitive (or embryonic) blood forms during larval stages,
and is replaced later by definitive (or adult) blood. Although
primitive and definitive blood arise at separate locations in
advanced stage embryos, some experimental evidence sug-
gests that cell migration may occur between the two blood
compartments. Thus, a long-standing question in develop-
mental hematopoiesis asks whether there are separate or
common origins during the earliest developmental stages
for primitive and definitive blood.
In amphibians, primitive blood forms in the ventral blood
islands (VBI) found along the ventral midline of neurula,
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tailbud, and early tadpole embryos (ca. st. 15–42). Develop-
ment of the VBI occurs in a rostral-to-caudal maturation
wave that reflects the overall pattern of rostral-to-caudal
development in vertebrates. Expression of globin, a defini-
tive marker of erythropoiesis, initiates in the rostral end of
the VBI at st. 26, and expression spreads to the caudal end of
the VBI by st. 32. This same progression is seen in the
expression pattern of many blood markers (Kelley et al.,
1994). When the heart begins pumping around st. 35,
primitive blood cells enter the circulation from the rostral
VBI, and later from the caudal VBI (Lane and Smith, 1999).
As it seeds the circulating population of primitive blood,
the VBI disintegrates and markers such as globin disappear
from the ventral midline in the same rostral-to-caudal
wave. Thus, while we usually think that blood develop-
ment reveals details of ventral signaling pathways in the
embryo, this spatiotemporal development of the VBI and
the primitive blood reveals information about the develop-
ing rostral/caudal axis of the embryo as well.
Definitive blood arises at numerous locations in verte-
brate embryos, including the ventral blood islands or yolk
sac, dorsal aorta, pronephros and mesonephros, thymus,
liver, spleen, and ultimately bone marrow. While the com-
position of primitive blood is overwhelmingly erythrocytic,
definitive blood is more complex and contains numerous
white blood cell lineages in addition to red blood cells. It is
not clear how many of the definitive blood cell types arise
de novo at these diverse locations, while others arise as
cells colonize developing organs, such as the thymus and
spleen. One source of colonizing cells is primitive cells that
exit the circulation. Thus, there may be lineage relation-
ships between the primitive and definitive blood compart-
ments, and hence the question as to whether there are
separate or shared origins for primitive and definitive blood
is complex (reviewed in Turpen et al., 1997; Ciau-Uitz et
al., 2000).
Three research groups recently mapped the origins of
various blood compartments in 32-cell (st. 6) Xenopus
embryos (Lane and Smith, 1999; Mills et al., 1999; Ciau-
Uitz et al., 2000). Utilizing different criteria and different
mapping strategies, the groups reported conflicting results.
Although they agreed on the contributions of several blas-
FIG. 1. Conflicting reports on the origins of primitive blood in Xenopus. (A) Lane and Smith (1999) labeled each of the 16 different
blastomeres at st. 6 with either fluorescent dextran or mRNA GFP and scored primitive blood as fluorescent cells in circulation in st. 41
tadpoles (B). Primitive blood cells arose principally from all vegetal hemisphere blastomeres, C1–C4 and D1–D4. This region, shown in
orange, corresponds to the vegetal region of the marginal zone in gastrula-stage embryos and gives rise to the lateral plate mesoderm, LP.
(C) Ciau-Uitz et al. (2000) labeled six of the eight vegetal hemisphere blastomeres at st. 6 with -galactosidase mRNA and scored the
presence of progeny at st. 26 in the region of the VBI (D), in some cases by overlap with marker genes such as globin. The expression pattern
for globin at st. 26 is indicated in purple. They concluded that primitive blood arises from only three blastomeres, C1, D1, and D4 (red),
and that definitive blood arises only from blastomere C3 (blue). The nomenclature for blastomeres (Nakamura and Kishiyama, 1971) is
shown in (B). Abbreviations: cbi, caudal blood islands; DA, dorsal aorta; DLP, dorsolateral plate; LP, lateral plate, also known as leading edge
mesoderm; N, notochord; rbi, rostral blood islands; S, somites; orange asterisk indicates two blastomeres observed to give a small but
reproducible contribution to primitive blood in some embryos found by Lane and Smith (1999).
53Blood Origins
© 2002 Elsevier Science (USA). All rights reserved.
tomeres to primitive blood or the VBI, there were important
discrepancies. As these discrepancies affect how we think
about the orientation of the embryonic axes and basic
questions in developmental hematopoiesis, it is important
to understand how these discrepancies arose experimen-
tally. We summarize the methods and findings of the three
groups below, first with regard to primitive blood and then
definitive blood.
To determine the source of primitive blood in circulation,
Lane and Smith (1999) tested all 32 blastomeres by injecting
either fluorescent dextran conjugates or mRNA encoding
green fluorescent protein (mRNA GFP) and scoring fluores-
cent, circulating blood cells in st. 41 tadpoles, when all of
the circulating blood is believed to be primitive. The
authors concluded that primitive blood arises from an
annulus of tissue formed principally by progeny of all C-
and D-tier blastomeres (see Fig. 1B for blastomere nomen-
clature). This annulus is situated in the vegetal region of the
marginal zone. The rostral end of the VBI and the first cells
to circulate arise from blastomeres historically called dorsal
and the caudal VBI and cells that enter circulation some-
what later arise from blastomeres historically called ven-
tral. (This result led the authors to propose that the axes in
Xenopus should be reassigned as shown in Fig. 1A.) To
determine the origins of the VBI, Mills et al. (1999) injected
fluorescent dextran conjugate into each of the 32 blas-
tomeres and examined the overlap of dextran with globin
expression in fixed, st. 33–34 embryos (late tailbud/early
tadpole). Mills et al. (1999) concluded that all vegetal
blastomeres (C1–C4 and D1–D4) and many animal blas-
tomeres (A- and B-tiers) contribute to the VBI. Finally,
Ciau-Uitz et al. (2000) determined the source of the VBI by
injecting a subset of the vegetal blastomeres with
-galactosidase mRNA and looking for cells expressing
-galactosidase at the ventral midline at st. 26 (tailbud), in
some cases also looking for overlap with blood markers
such as globin or SCL. Ciau-Uitz et al. (2000) concluded
from their data that primitive blood arises from only three
of the six vegetal blastomeres they tested, namely C1, D1,
and D4 (Fig. 1B). Thus, all groups agree that the VBI or
primitive blood descends from blastomeres C1, D1, and D4.
However, two groups found that all other vegetal blas-
tomeres contribute to the VBI and/or primitive blood,
namely C2, C3, C4, D2, and D3 (Lane and Smith, 1999;
Mills et al., 1999).
Mills et al. (1999) also generated information pertinent to
the origins of definitive blood. They scored the overlap of
injected dextran with X-msr expression to determine the
origins of several major blood vessels, including the dorsal
aorta, which is one source of definitive blood. They found
that many blastomeres contribute to the dorsal aorta. In
contrast, Ciau-Uitz et al. (2000) tested only one blastomere
for contributions to the dorsal aorta. They traced cells from
blastomere C3, which they had concluded does not give rise
to primitive blood, into the dorsal aorta at st. 43. Based on
their results tracing cells from six vegetal blastomeres,
Ciau-Uitz et al. (2000) concluded that primitive and defini-
tive blood have separate origins in cleavage-stage embryos.
This conclusion conflicts with the results which show that
C3 contributes to the VBI and primitive blood. It also
conflicts with the results of Mills et al. (1999), who showed
that several blastomeres contribute to the dorsal aorta,
including blastomere D4. This is problematic since all three
groups concur that D4 contributes to primitive blood. The
results of Mills et al. (1999) demonstrate that several
blastomeres potentially contribute to both primitive and
definitive blood, indicating that the two blood compart-
ments may share a widespread, common origin in the
32-cell embryo. In summation, there is conflicting data for
both the primitive blood and the dorsal aorta. These dis-
crepancies affect not only the Xenopus fate map, but also
the question as to whether primitive and definitive blood
have separate origins in cleavage-stage embryos.
Stage 6 Xenopus embryos have been the subject of exten-
sive fate mapping by the method of lineage tracing (Naka-
mura and Kishiyama, 1971; Dale and Slack, 1987; Moody,
1987b), and standards for mapping with injected tracers are
reviewed elsewhere (Moody, 1999, Stern and Fraser, 2001).
Qualified lineage tracers are injectable molecules that are
detectable visually, nontoxic and nonreactive, and are nei-
ther diluted nor destroyed during the mapping interval. In
addition, they meet certain size and diffusion constraints.
Efficient tracers are small enough to diffuse throughout a
blastomere and label all of its cytoplasm, but too large to
pass through gap junctions and label neighboring cells
inappropriately. Although numerous molecules have been
used as lineage tracers, fluorescent dextrans are the only
tracer molecules injected into Xenopus blastomeres that
FIG. 2. Messenger RNA is stable in DEPC-treated dextran. Syn-
thesized Lac Z mRNA was analyzed by agarose gel electrophoresis
(lane 2). Mini-ruby dextran (“ruby,” lane 3) migrates slightly
toward the anode(). When Lac Z mRNA is mixed with ruby, ruby
migrates normally, but Lac Z mRNA migrates abnormally, and is
either digested or shifted into a low-mobility smear (white aster-
isks, lane 4). The same low-mobility smear was seen in three trials.
Following DEPC treatment, ruby migrates less toward the anode
(lane 5), but is still fluorescent. Lac Z mRNA mixed with DEPC-
treated ruby migrates normally.
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have been shown to diffuse throughout the injected blas-
tomere before the next cleavage division (Vodicka and
Gerhart, 1995). In contrast, no data on the diffusion of
mRNAs in Xenopus blastomeres have been reported. Many
investigators injecting mRNAs into Xenopus embryos rou-
tinely target injections to specific regions of large blas-
tomeres because they do not believe that mRNAs diffuse
well (Sive et al., 1999). Diffusion of the mRNA for
-galactosidase (i.e., Lac Z mRNA) is especially problematic
since the molecular mass of this large mRNA is approxi-
mately 1250 kDa, whereas the dextrans typically injected
are 10 kDa.
Problems inherent to lineage tracing with mRNAs at an
early stage of development may explain many of the dis-
crepancies observed when the blood compartments were
fate mapped by different strategies. In this report, we
directly compare fate mapping with Lac Z mRNA and
conjugated dextrans by coinjecting both putative tracers
simultaneously into individual blastomeres at two stages of
Xenopus development. Lineage tracing with Lac Z mRNA
consistently underestimates the progeny of individual blas-
tomeres compared with dextrans. We conclude that Lac Z
mRNA does not qualify as a lineage tracer and should not
be used to construct fate maps. We reexamined the C-tier
origins of the ventral blood islands at st. 34 by overlap of
injected lineage tracers with globin expression, and the
C-tier origins of primitive blood by scoring circulating,
fluorescent cells in live tadpoles. Given the constraints in
resolution of mapping 90-degree sectors at the 32-cell stage,
we conclude that the vegetal region of the marginal zone
throughout its circumference contributes to primitive
blood.
Throughout this report, we utilize the revised nomencla-
ture for pregastrula Xenopus embryos proposed by Lane and
Sheets (2000) (Fig. 1A). Following the suggestion of Moor-
man (2001), we employ the terms “rostral” and “caudal” in
the places of “anterior” and “posterior,” respectively. The
horizontal axis of the pregastrula embryo, from the side
where the blastopore lip first forms to the side where the
sperm fertilized the egg (which historically has been called
dorsal/ventral) is the rostral/caudal axis of the postgastrula
embryo. The vertical axis in the pregastrula embryo, from
animal to vegetal, is the dorsal/ventral axis of the postgas-
trula embryo. Thus, Spemann’s organizer forms in the
rostral marginal zone and the opposite side is the caudal
marginal zone. The dorsal marginal zone is the animal
region of the marginal zone and the vegetal region is the
ventral marginal zone. The rationale behind these revisions
should become apparent during the discussion of Fig. 9.
MATERIALS AND METHODS
Lineage tracers and detection. Mini-ruby dextran (Molecular
Probes, Eugene, OR) is a 10-kDa dextran carrying tetramethyl–
rhodamine, biotin, and lysyl group substitutions. Mini-ruby is
crosslinked by aldehyde fixatives and can be detected by fluores-
cence microscopy for rhodamine or by staining for biotin. Mini-
ruby dextran was originally resuspended in DEPC-treated, double-
distilled H2O at 33 mg/ml, sterile filtered, and stored frozen in
aliquots. After it was determined that mRNA was unstable when
mixed with these aliquots, 10 mg of mini-ruby dextran was
resuspended to 3 ml in sterile H2O, treated directly with DEPC
using a standard protocol (Sambrook et al., 1989), and left in a hood
for 24 h to ensure evaporation of DEPC breakdown products. The
solution was then concentrated to dryness in a speed vac concen-
trator, or alternatively evaporated at 37°C in a dry heat block,
resuspended to 33 mg/ml, sterile filtered, and stored as frozen
aliquots. In addition, the fluorescent green dextran, Alexa fluor
488, also survives treatment with DEPC.
Full-length mRNA encoding -galactosidase with a nuclear
localization signal (referred to throughout as Lac Z mRNA) was
synthesized from plasmid pCS2 ngal (a gift from Dr. D. Turner),
using an Sp6 Ampliscribe kit (Ambion). The capped mRNA is
approximately 3.4 kb and has a molecular mass of approximately
1.3 million daltons.
Embryos were fixed and -galactosidase activity detected as red
nuclear staining with rose--D-gal using the protocol of Mitchell
and Sheets (2001), except the first 30 min of fixation did not include
Tween 20 and color development lasted 2.5 h. Fluorescence detec-
tion of mini-ruby was still strong following Lac Z staining. In some
experiments, T3 globin mRNA, which is expressed only in the
ventral blood islands between stages 26 and 35, was detected by in
situ hybridization (Knecht et al., 1995) using BCIP to generate a
turquoise precipitate. Fluorescence detection of mini-ruby de-
creased dramatically following in situ hybridization. Mini-ruby
was visualized after in situ hybridization by localizing the biotin
epitope using streptavidin–horseradish peroxidase (2 g/ml; Mo-
lecular Probes) and diaminobenzidine (10 mg/ml, 2–5 min only
with H2O2) to generate a light brown precipitate that did not mask
either Lac Z or globin staining. Intact specimens were bleached for
1–3 h. Following all three staining protocols, the specimens were
fixed for 1 week at 4°C in 4% paraformaldehyde (MEMPFA),
embedded in paraffin following standard protocols, and sectioned at
20 m. In cases where migrating neural crest deep within the axial
tissues remained heavily pigmented, sections were bleached for an
additional 10–15 min. As Xenopus embryos contain some endog-
enous biotinylated proteins (Servetnick et al., 1990), the contralat-
eral, uninjected side of the embryo serves as a control for mini-ruby
detection.
To generate embryos with fluorescently labeled cells in circula-
tion, embryos at the 32-cell stage were injected with either 1 nl of
mini-ruby dextran or Alexa fluor 488–dextran (10 kDa MW; 33
mg/ml stock solution; Molecular Probes) into individual C-tier
blastomeres. Primitive blood cells in circulation were scored be-
tween st. 38 and 40 as described previously (Lane and Smith, 1999).
Fluorescent blood cells in circulation were documented on a Zeiss
Axioplan microscope equipped with a digital camera operated by
OpenLab software. Images were captured for 0.3 s once per second.
Because the camera shutter is open for a relatively long period,
most blood cells do not have their typical round shape but appear
as a trace.
Embryo culture. Embryos were obtained by standard methods
and selected for strong rostral–caudal pigmentation differences as
described previously (Lane and Sheets, 2000). Solutions for injec-
tion and culture were also as described previously (Lane and Sheets,
2000). For injection at the 4-cell stage, embryos were dejellied in
2% cysteine, pH 8.1, at the 4-cell as the cleavage furrow approached
the vegetal pole. When the furrow was complete, 10–12 embryos in
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4% ficoll in quarter-strength Marc’s modified Ringer’s (MMR/4)
were quickly injected with 400 pg of Lac Z mRNA mixed with
15–20 pg of mini-ruby, in a volume of 4 nl, at a subequatorial
position in one rostral blastomere (see Fig. 3B). Another 10–12
embryos were injected in the same manner at the animal pole in
one rostral blastomere. All injections from a single clutch were
completed well before the formation of the third cleavage furrow.
Embryos injected at the 4-cell stage were screened for leakage at the
FIG. 3. An assay of diffusion by two putative lineage tracers coinjected at the four-cell stage. (A). The animal pole region of a rostral
blastomere at the four-cell stage gives rise to the cement gland, the brain, and the retina. The equatorial region of a rostral blastomere gives
rise to rostral notochord and pharyngeal endoderm. (B). In the coinjection assay, a mixture of mini-ruby dextran and Lac Z mRNA was
coinjected at either the animal pole site or subequatorial site of one rostral blastomere. (C). At st. 30, the embryos were fixed, stained for
Lac Z activity, cleared in benzyl benzoate/benzyl alcohol (2:1), and scored for the presence of both tracers in the five tissues shown on the
embryo.
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8-cell stage on a dissecting microscope equipped with epifluores-
cence, and embryos in which dye had leaked from the injected
blastomere were discarded. The embryos were cultured and fixed at
st. 30. For injection at the 32-cell stage, embryos were dejellied at
the 8-cell stage and marked with nile blue sulfate in the vegetal
region of the rostral midline. Regularly cleaving embryos at the
32-cell stage were selected and injected in the appropriate blas-
tomere (using the blastomere nomenclature of Nakamura and
Kishiyama, 1971, shown in Fig. 1B) with 400 pg Lac Z mRNA
mixed with 15–20 pg mini-ruby in a volume of 1 nl. The target site
was in the center near the vegetal margin of the blastomere (an
example is marked in blastomere C4 in Fig. 1B) so that spray from
the needle moves animally and away from the newly formed C/D
membrane. Twenty minutes after injection, the injected embryos
were screened for leakage. Injected embryos were cultured in 4%
ficoll in MMR/4 at 16°C until early gastrula stage, when they were
FIG. 4. Results of the coinjection assay. (A–F). St. 30 embryos after coinjection of Lac Z mRNA and ruby dextran at a rostral, subequatorial
position at the four-cell stage. The distributions of Lac Z activity (red nuclear staining in A, C, E) or ruby dextran (nuclear and cytoplasmic
fluorescence in B, D, F) in tissues distant from the injection site are shown in whole-mount or sectioned specimens. At low magnification,
the distributions of both tracers (A, B) appear similar, but at higher magnification (C, D), the two labels are differentially distributed in the
head. Lac Z activity is not detected in the brain, retina, or cement gland, while ruby labels all three tissues. Sectioned specimens (E, F) reveal
internal structures, such as the pharyngeal endoderm, PE, which is labeled by both tracers. (G–L) St. 30 embryos after coinjection into the
animal pole region of a rostral blastomere, at the four-cell stage. The distribution of Lac Z activity (G, I, K) or ruby dextran (H, J, L) in tissues
that arise from the injection site are shown. At low magnification (G, H) and at higher magnification (I, J and K, L), both tracers label the
same tissues. These results demonstrate that mini-ruby dextran diffuses farther and labels more progeny of an injected blastomere than Lac
Z mRNA.
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again screened by epifluorescence for injection accuracy (Vodicka
and Gerhart, 1995). At midgastrula stage, the solution was changed
to MMR/4. Embryos injected at the 32-cell stage were fixed at st.
32–34.
Much of the variation in mapping can be reduced by performing
multiple screens as described above. Screens are difficult to impos-
sible with tracers other than fluorescent dextrans. The first screen
is done about 20–30 min after injection to eliminate embryos in
which fluorescent dextran leaked from the intended blastomere or
the needle inadvertently penetrated more than one cell. The second
screen is done at early gastrula stage. At this stage, labeled column
1 blastomeres should lie on the same meridians as the forming
upper blastoporal lip; column 4 blastomeres should lie on merid-
ians opposite the upper lip; column 2 and 3 clones should lie
approximately 70 and 110 degrees from the upper lip. This screen
eliminates misinjected embryos and is similar to screening nile
blue marks in relation to the upper blastoporal lip. An investigator
should not need to discard many embryos in the second screen. If
more than 5–10% of the embryos are “off,” the pigmentation
difference in the animal hemisphere used to select embryos may
not be well correlated with cortical rotation for that clutch, and
that day’s work should be discarded.
RNA gel analysis. To determine whether RNA and dextrans
are stable when mixed, 1.25 g Lac Z mRNA and 33 ng mini-ruby
(either treated directly with DEPC or simply resuspended in
DEPC-treated water) were mixed together for 10 min at room
temperature before adding sample buffer and electrophoresing on a
1% agarose/TBE/EtBr gel.
RESULTS
Direct Competition within a Blastomere
Demonstrates That Mini-Ruby Dextran Diffuses
Farther than Lac Z mRNA
The frequency values for tissue distributions reported by
Ciau-Uitz et al. (2000) while mapping with Lac Z mRNA
are significantly lower than frequencies reported by other
investigators. For example, they determined that blas-
tomeres C4 and C3 contributed to somites in 52 and 33% of
injected embryos, respectively. Moody (1987) reported pre-
viously that these two blastomeres contributed to somites
in 100% of injected embryos, and Lane and Smith (1999)
found contributions from these two blastomeres in 100 and
97% of cases, respectively. The consistent underestimate of
blastomere contributions seen in the data of Ciau-Uitz et
al. (2000) suggests that a technical problem biases the
observed results. The simplest explanation for consistent
underestimation is failure of the putative tracer to diffuse
throughout an injected cell and label all of the progeny. We
determined whether diffusion is efficient by directly com-
paring the diffusion of Lac Z mRNA and mini-ruby dextran.
We coinjected the tracers simultaneously into a blastomere
of known fate and compared the final distribution of fluo-
rescent dextran and -galactosidase activity. If the two
molecules are equally efficient tracers, the same population
of cells should be fluorescent and express nuclear Lac Z.
We first established conditions under which the two
tracers are stable when mixed together (Fig. 2). Mini-ruby
dextran, when resuspended in DEPC-treated water (lane 3),
remains in the well or migrates slightly toward the anode
on an agarose gel, and appears to bind and/or degrade RNA,
as revealed when the two are mixed together and analyzed
(asterisks, lane 4). Labeled dextrans provided by the manu-
facturer are not intended to be RNase-free, so we DEPC-
treated the dextran before mixing with mRNA. DEPC
treatment subtly alters the behavior of mini-ruby dextran
without destroying its fluorescence (lane 5). Treated dex-
tran no longer binds or degrades mRNA (lane 6), and Lac Z
mRNA migrates normally. We show below that the mRNA
is translated, and that, despite the slight change in mini-
ruby’s electrophoretic mobility, the dextran remains
aldehyde-fixable, and the biotin epitope is intact. Thus, the
two molecules are stable in each other’s presence once the
dextran is pretreated to eliminate RNase activity.
The strategy behind the coinjection assay relies on sev-
eral Xenopus fate maps (4-cell maps: Cooke and Webber,
1985; Moody and Kline, 1990; 16-cell map: Moody, 1987a;
32-cell maps: Dale and Slack, 1987; Moody, 1987b). We
know from the 4-cell fate maps that progeny of either
rostral blastomere include the cement gland, brain, retina,
notochord, and pharyngeal endoderm. (We note for readers
that the rostral blastomere historically has been called
TABLE 1









ruby 90% 94% 95% 100% 100%
Lac Z 14% 21% 27% 92% 100%
Animal pole site,
n  29
ruby 100% 100% 100% 100% 83%
Lac Z 100% 100% 100% 93% 35%
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dorsal; rostral blastomeres are lighter colored as a result of
cortical rotation and give rise to the rostral end of all three
germ layers.) From the 16- and 32-cell stage maps, we know
that the animal region of the rostral blastomere contributes
to the cement gland, brain, and retina, while the equatorial
region gives rise to the rostral notochord and pharyngeal
endoderm (summarized in Fig. 3A). In the coinjection assay,
we injected one rostral blastomere near the prime meridian
at either the animal pole region or a subequatorial region
(immediately vegetal of the equator), with a mixture of
mini-ruby and Lac Z mRNA (Fig. 3B). We cultured the
embryos to st. 30, stained for -gal activity, and compared
the distribution of fluorescent mini-ruby and dark red
nuclei indicative of Lac Z expression in the five tissues
identified above as progeny of rostral blastomeres (Fig. 3C).
An efficient lineage tracer will diffuse and label all five
tissues regardless of the injection site, while a nonefficient
tracer will routinely label only tissues that descend from
local but not distant sites.
Injection into the rostral subequatorial region efficiently
labels local progeny (Table 1; 100% for both pharyngeal
endoderm and rostral notochord label by the dextran; 100%
for the pharyngeal endoderm; and 92% for the rostral
notochord by Lac Z activity). Distant progeny are labeled
much better by dextran (95% for the retina, 94% for the
rostral brain, and 90% for the cement gland) than by Lac Z
(27% for the retina, 21% for the brain, and 14% for the
cement gland). Representative specimens are shown in Figs.
4A–4F. Injection into the animal pole region of the rostral
blastomere also results in efficient labeling of local progeny
(i.e., cement gland, brain, and retina, 100% for all; Table 1
and Figs. 4G–4L) with both tracers, but again, distant
progeny are labeled better by mini-ruby dextran (100% for
the rostral notochord and 83% for the pharyngeal
endoderm) than by Lac Z activity (93 and 34%, respec-
tively). The coinjection assay demonstrates that dextran
diffuses more freely throughout the blastomere and effi-
ciently labels many more progeny than Lac Z mRNA. Lac Z
mRNA does not diffuse well from either injection site, so it
labels local progeny efficiently, but does not label distant
progeny as efficiently as the dextran.
Lac Z mRNA Does Not Qualify As a Lineage
Tracer
In the coinjection assay described above for the 4-cell
stage, the distance the tracers must diffuse across a rostral
blastomere to label distant progeny may be as far as 700–
800 m. It is possible that across shorter distances, Lac Z
mRNA diffuses nearly as well as a conjugated dextran, and
thus can be used as a lineage tracer. To evaluate diffusion
across shorter distances, we coinjected blastomere C3 and
examined the distribution of both markers. We are inter-
ested in this particular blastomere because Ciau-Uitz et al.
(2000) recently reported, based on mapping with Lac Z
mRNA, that blastomere C3 contributes only to definitive
blood and not to primitive blood. This result conflicts with
previous mapping data for the primitive blood or the VBI.
The previous maps, both of which utilized dextran conju-
gates, indicated that these tissues arise from all vegetal
hemisphere blastomeres, including C3. The discrepancy in
the results between groups may be attributable to limited
diffusion by Lac Z mRNA, and the coinjection assay may
resolve the question.
There is, however, a second source of discrepancies in the
fate maps that we must also consider. Some of the discrep-
ancies may result from investigators mapping to different
stages. Lane and Smith (1999) mapped to st. 41, Mills et al.
(1999) mapped to st. 34, and Ciau-Uitz et al. (2000) mapped
to st. 26. Xenopus embryos form in a rostral-to-caudal
sequence, so mapping to relatively young stages will not
reveal the full origin of many tissues. For example, at st. 26,
Xenopus embryos have 18 pairs of segmented somites
caudal to the otic placode (Nieuwkoop and Faber, 1967).
Eventually, there are more than 45 pairs of postotic
somites, so at st. 26, when Ciau-Uitz et al. examined
embryos, the embryo has constructed roughly only one-
third of its rostral-to-caudal axis. Only the rostral end of the
blood islands expresses hematopoietic markers, such as
globin or SCL, at st. 26, so the caudal blood islands cannot
be determined at such an early stage by overlap of tracer
with marker gene expression. Thus, mapping at st. 26 biases
the results toward minimal estimates and many contribu-
tions to the blood islands would be missed. For this reason,
we intentionally chose an older stage than that examined
by Ciau-Uitz et al. (2000) so that the caudal end of the
ventral blood islands would be mature and expressing
globin.
Initially, we injected Lac Z mRNA into the C3 blas-
tomere at the 32-cell stage and grew the embryos to late
tailbud/early tadpole stages (st. 32). The embryos were first
stained for Lac Z activity to generate red nuclear staining,
and then processed for T3-globin expression by in situ
hybridization using BCIP to generate a turquoise blue
reaction product.
Representative specimens of the full range of results
following C3 injection are shown in Fig. 5. The expression
pattern of globin (blue) is restricted to the ventral blood
islands and is very consistent between specimens. While it
is expressed more strongly in the rostral end of the blood
islands, it is expressed in the caudal blood islands by this
stage. In contrast, Lac Z activity (red) varies between
specimens, with some specimens showing significant Lac Z
activity in the lateral plate mesoderm and ventral blood
islands (Figs. 5A and 5B), while others show no expression
in these tissues (Fig. 5D). Some embryos express Lac Z
activity in both the dorsal and ventral aspects of caudal
somites (Figs. 5A and 5B), while others express Lac Z in a
more restricted pattern (e.g., dorsal somite only in Fig. 5D).
Other tissues with variable staining include the branchial
arches, pronephros, and tailbud, all of which were identified
in previous maps as typical C3 progeny. Taken together, the
results of injecting Lac Z mRNA alone suggest that the
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message labels variable subsets of C3 progeny, probably
because it is not diffusing throughout the blastomere.
We next coinjected Lac Z mRNA with mini-ruby dextran.
Following Lac Z and globin mRNA detection as above, the
specimens were reacted with streptavidin–HRP and stained
briefly to demonstrate the distribution of mini-ruby dextran
with a light brown precipitate. As seen in Fig. 6A, the
distribution of mini-ruby dextran is more consistent from
specimen to specimen than was seen for Lac Z mRNA.
Staining is widespread in the lateral plate mesoderm on the
flank of the embryo. At higher magnification, many cells in
the lateral plate mesoderm (Figs. 6B–6D) and the somites
that are positive for biotin are not detected by Lac Z
activity, indicating that again, the dextran diffuses more
efficiently than the mRNA and labels more progeny. In
cross-section, both Lac Z-expressing cells and mini-ruby-
labeled cells are present in the globin-expressing ventral
blood islands (Figs. 6C and 6D), primarily along the lateral
edges of the globin domain. Thus, blastomere C3 contrib-
utes to ventral mesoderm, including the ventral blood
islands, as well as to more dorsal mesoderm, including the
somites.
The Origins of the Ventral Blood Islands from
Other C-Tier Blastomeres
We determined the origins of the ventral blood islands
from the C-tier blastomeres in contention between the
maps of Mills et al. (1999) and Ciau-Uitz et al. (2000). As
both groups concur that blastomere C1 contributes to the
VBI, we examined only the remaining C-tier blastomeres in
contention, namely C2 and C4. We coinjected Lac Z mRNA
and mini-ruby as described above and examined the overlap
of the two labels with the globin-expressing field in the VBI.
C2 progeny routinely contribute to dorsal structures
along the entire rostral–caudal axis, such as the central
domain of the somites (Fig. 7A), and to dorsal and ventral
aspects of the embryo’s head and rostral trunk. Labeled
structures include the branchial arches and heart, known
previously from Moody’s fate map (Moody, 1987a,b). In
addition, both tracers label cells in the rostral end of the
ventral blood islands (Fig. 7B). Progeny of C4 populate both
dorsal and ventral mesodermal structures (Fig. 7C). Labeled
tissues include somites and caudal lateral plate along the
flank of the embryo, including the ventral blood islands
(Fig. 7D). We conclude that all C-tier blastomeres routinely
contribute to the VBI, as well as to dorsal mesoderm.
The Origins of Primitive Blood from the Vegetal
Hemisphere Blastomeres
In our original report mapping primitive blood and
somites, we used embryos with nonconventional D-
blastomeres because we were unable to obtain embryos in
the standard D-tier conformation. Ciau-Uitz et al. (2000)
hypothesized that Lane and Smith (1999) observed C3-
derived primitive blood using nonstandard embryos be-
cause C3 progeny were somehow occupying D4 territory.
Now that we routinely obtain conventional D-blastomeres,
we rescored embryos injected into C-tier blastomeres for
FIG. 5. Injection of blastomere C3 with Lac Z mRNA results in
variable labeling. Embryos injected solely with Lac Z mRNA into
blastomere C3 at st. 6 were cultured to st. 32, stained for Lac Z
activity (red), and probed by in situ hybridization for globin expression
(turquoise). (A, C, D) The range of results observed. While globin
expression is constant from embryo to embryo, Lac Z activity is
variable and sometimes overlaps with globin expression in the VBI
(A–C). Although Lac Z detected somites in all C3-injected embryos, in
some specimens (A, C), it labeled both the dorsal (DS) and ventral (VS)
aspect of the somites, while in others (D), it labeled the dorsal, but not
the ventral aspect. Other tissues showing variable Lac Z expression
include the pronephros (P), the lateral plate (LP), and the branchial
arches (BA), all tissues identified in previous maps as normal descen-
dants of C3 (Dale and Slack, 1987; Moody, 1987). These results
suggest that Lac Z mRNA does not diffuse well and generally labels
only subsets of C3 progeny.
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circulating, fluorescent blood by frequency distribution. We
find that all C-tier blastomeres contribute at high frequency
to primitive blood (Table 2). The values for C3 and C4 are
somewhat lower than we described previously because we
scored slightly younger embryos. Figure 8 shows a series of
time-lapse images of st. 41 embryos labeled with fluores-
cent dextran in either C3 (Figs. 8A–8D) or C4 progeny (Figs.
8E–8G). Fluorescent cells circulate through the vasculature
of the gill arches, demonstrating that these blastomeres
contribute to primitive blood.
DISCUSSION
Current Fate Mapping Data in Xenopus Do Not
Separate the Primitive and Definite Blood Fields at
the 32-Cell Stage
Multiple fate mapping exercises generated conflicting
data on the origins of either the VBI or the primitive blood
in Xenopus embryos. To begin resolving these discrepan-
cies, we demonstrated that one of the putative lineage
tracers used to construct a fate map, Lac Z mRNA, consis-
tently underestimates the progeny of an injected blas-
tomere (Table 1; and Figs. 4, 7, and 8). In mapping experi-
ments, Lac Z mRNA behaves like a vital dye (e.g., nile blue
sulfate) in that it marks a group of cells targeted by an
investigator, but does not fill a blastomere and mark all its
progeny. When mapping with vital dyes, one can demon-
strate that a marked region contributes to a particular
structure, but the absence of a contribution cannot be
interpreted. As Lac Z mRNA is not a true lineage tracer, the
absence of a detectable contribution must be interpreted
cautiously when constructing fate maps. Using injected
dextran, a true lineage tracer, to determine overlap with
globin-expression, we determined the contributions of
C-tier blastomeres to the VBI in st. 32–34 embryos. WeFIG. 6. Ruby dextran detects more progeny than Lac Z mRNA
when coinjected into blastomere C3. St. 32 embryos were stained
for Lac Z activity (red), probed by in situ hybridization for globin
expression (turquoise), and stained for ruby dextran (brown). Lac Z
staining varies between embryos (A), while globin expression and
ruby dextran staining appear fairly consistent. Most noticeable is
the detection of many progeny of C3 in the lateral plate mesoderm.
In (B), both red nuclei and brown cytoplasmic staining detect C3
progeny overlapping with globin expression in the VBI. In (C),
C3-derived, Lac Z-positive cells are among the globin-positive cells
in the VBI. Numerous dextran-positive, Lac Z-negative (brown cells
without red nuclei) are visible in the sectioned embryo (C, D), and
are present in the VBI. The contralateral, uninjected side of the
embryo serves as a staining control.
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conclude that all C-tier blastomeres routinely contribute
cells to the VBI.
We also mapped the contribution of all C-tier blas-
tomeres to circulating primitive blood. In a previous map
which used embryos with nonconventional D-tier blas-
tomeres, we found that all vegetal hemisphere blastomeres
contribute to the primitive blood at st. 41. Using embryos
with conventional D-tier blastomeres, we again find that
progeny of all C-tier blastomeres routinely form primitive
blood.
Our results conflict with those of Ciau-Uitz et al. (2000),
who reported that only three vegetal blastomeres (C1, D1,
and D4) contribute to primitive blood. There are several
explanations for why these investigators missed the contri-
butions various vegetal blastomeres make to the VBI. First,
their map terminated at st. 26, before the caudal end of the
VBI has formed, so they cannot determine which blas-
tomeres contribute to the caudal VBI. Our previous data
showed that blastomeres C3, C4, D3, and D4 contribute to
the caudal VBI. In their data, one can distinguish that C4-
and C3-injected embryos are labeled in the caudal lateral
plate before globin or SCL genes are expressed in the caudal
VBI (Figs. 2A–2C, 2N, and 2O in Ciau-Uitz et al., 2000). Had
these embryos been grown to a later stage, the investigators
probably would have detected Lac Z-positive cells in the
caudal VBI. Second, Ciau-Uitz et al. (2000) injected an
inefficient tracer that underestimates the contribution
made by any blastomere. Third, Ciau-Uitz et al. (2000) did
not map all of the vegetal blastomeres. These three factors
led the investigators to miss the contributions of many
blastomeres to the blood islands.
Ciau-Uitz et al. (2000) detected C3 progeny in the floor of
the dorsal aorta (where clusters of cells are believed to
contribute to definitive blood) and showed that some he-
matopoietic marker genes are expressed in the same region.
Combined with their result that C3 did not contribute to
primitive blood, these results led the authors to conclude
that primitive and definitive blood have spatially separate
origins at the 32-cell stage in Xenopus. This conclusion is
problematic for several reasons. First, we showed that C3
contributes to the VBI and primitive blood (Figs. 5, 6, and 8;
also Mills et al., 1999). Second, Mills et al. (1999) found
progeny of several blastomeres (including C3, C4, D3, and
D4) in the dorsal aorta, and any of these blastomeres
potentially contribute to the aortic clusters believed to
form definitive blood. Ciau-Uitz et al. (2000) examined only
one blastomere (C3) for contribution to the dorsal aorta, not
all of the blastomeres previously identified by Mills et al.
(1999). Testing a single blastomere may have led Ciau-Uitz
et al. (2000) to underestimate the region in the Xenopus fate
map that contributes to the dorsal aorta (and the aortic
clusters). As many of the blastomeres that contribute to the
dorsal aorta also contribute to the VBI and the primitive
blood, all potentially contribute progeny to both blood
compartments. Finally, we point out that mapping the
origins of the dorsal aorta is not strictly comparable to
mapping the origins of definitive blood. Definitive blood
arises from many regions, including the pronephros and
mesonephros, the liver, spleen, thymus, and the VBI itself
(reviewed in Turpen et al., 1997), so the dorsal aorta is not
the equivalent of the definitive blood nor hematopoetic
stem cells. In summary, the mapping strategy used by
Ciau-Uitz et al. (2000) underestimated the origins of both
the VBI and the dorsal aorta. Current mapping data gener-
ated with efficient tracers indicate that the VBI/primitive
blood and dorsal aorta are not separable at the 32-cell stage.
Formation of the VBI from the Leading Edge
Mesoderm of the Marginal Zone
Figure 9 illustrates schematically how cells in the vegetal
region of the marginal zone migrate toward the animal pole
to close the mesodermal mantle and contribute to ventral
midline structures in neurula-stage embryos. We begin
with the fate map of Lane and Smith (1999) (Fig. 9A). The
animal region of the marginal zone gives rise to the noto-
chord (brick) and somitic mesoderm (dorsal mesoderm,
shown in red), and thus constitutes the true “dorsal mar-
ginal zone.” The vegetal marginal zone (orange) gives rise to
intermediate and lateral plate mesoderm (also known as
leading edge mesoderm, LEM), and includes the mesoder-
mal progenitors of the VBI and the dorsolateral plate. The
rostral leading edge mesoderm derives from CD1 and is
shown by hatchmarks; the caudal leading edge mesoderm
derives from CD4 and is shown by crosshatches. To facili-
tate understanding of the migration pathways taken by
various regions of the marginal zone, the embryo in (A) is
rotated 135 degrees counterclockwise in (B). Two land-
marks are indicated: the animal pole () will form the
epidermis covering the heart, while the future site of
blastopore closure at st. 13 is marked by (X). Migration of
the leading edge mesoderm initiates in the rostral marginal
zone at st. 10 with involution and crawling behavior by the
rostral leading edge mesoderm (RLEM). By st. 11 (D),
leading edge mesoderm cells in the lateral and caudal
marginal zones involute and begin their migration toward
the forming ventral midline, while prospective dorsal cells
in the animal marginal zone execute migratory behaviors
that result in convergent extension of the notochord and
somite territories (arrows in the red territory). (E) Rostral
ventral mesoderm (hatched) that gives rise to the head (hd),
heart (ht), liver (not shown), and rostral end of the VBI (RBI)
approaches the forming ventral midline from the rostral
side, while caudal ventral mesoderm—the caudal blood
islands (CBI, crosshatched)—approaches from the posterior.
Leading edge mesoderm from the CD2 and CD3 blas-
tomeres migrate down the flank toward the ventral midline
to contribute to closure of the mesodermal mantle. Thus,
cells at the vanguard of the leading edge contribute to
primitive blood in amphibians. The dorsolateral plate
(DLP), a source of the dorsal aorta, pronephros, and defini-
tive blood cells in amphibians, does not migrate ventrally
on the flank of the embryo but remains near the forming
somites. Cells which populate the circumblastoporal collar
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(CC) will eventually migrate into the tailbud and end up in
caudal somites. The final disposition of mesodermal tissues
in a st. 41 tadpole is shown in (F). Blastomere C3 routinely
contributes to both the DLP and the VBI (compare Fig. 6A
with Figs. 7A and 7C) and cells of an unknown fate that lie
between these two tissues.
Comparison with a Fate Map Constructed by
Grafting at the Gastrula Stage
In a complex series of elegant grafting experiments,
Turpen and his colleagues showed that there are two
distinct blood compartments in amphibian embryos, the
VBI and the dorsolateral plate (DLP). They also showed that
these two compartments arose from a common, bipotential
hematopoietic cell population in gastrula embryos, and that
the two compartments were interchangeable until neurula
stages (Turpen et al., 1981, 1997; Kau and Turpen, 1983).
This suggested that commitment to the VBI and the DLP
lineages was not occurring until the cells resided in specific
microenvironments that contributed to their terminal dif-
ferentiation. The new fate map is consistent with this view
of amphibian hematopoiesis as the new map indicates the
primitive and definitive populations are not separate in
blastula-stage embryos.
However, the fate maps of primitive blood utilizing
lineage tracing show a dramatically different distribution of
precursors then that proposed by Turpen et al. (1997). The
question arises as to why these authors observed that the
bipotential hematopoietic population arose only from the
region called the ventral marginal zone (which we renamed
the caudal marginal zone; this region in a gastrula is derived
primarily from blastomeres C3 and C4 in the 32-cell em-
bryo). Turpen et al. (1997) did not detect contributions from
the region we call the rostral marginal zone (which arises
from blastomeres including C1 and C2), but lineage tracing
techniques consistently show that this region contributes
to the VBI.
We believe this discrepancy is due to the invasive and
disruptive nature of surgery on developing embryos, espe-
cially during gastrula stages, when the grafts were made.
The marginal zone grafts were made at st. 10, when invo-
lution of the marginal zone commences (Fig. 9C) on the
rostral side (formerly called the dorsal marginal zone). Two
problems inherent to this experiment are pertinent. First,
there is no way to know whether the graft included the
migrating rostral leading edge mesoderm (RLEM) cells,
which often are already attached to the blastocoel roof and
thus may not have been transferred between embryos.
Thus, in some embryos, the RLEM may be derived from the
host rather than the graft, will not be labeled, and therefore
will not be detected later in development. Second, grafting
FIG. 7. Blastomeres C2 and C4 contribute progeny to the VBI. (A, B) Mini-ruby dextran and Lac Z mRNA were coinjected into blastomere
C2 at st. 6. Overlap of dextran-labeled (brown), Lac Z-expressing (red) cells with globin expression in the VBI (blue) demonstrates that C2
contributes to the VBI (arrow in B). (C, D) Coinjection of blastomere C4 demonstrates this cell also contributes progeny to the VBI.
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at early gastrula stage may disrupt normal migration of
RLEM cells. The time required for healing of the graft may
cause the RLEM to lag behind and perhaps be out-competed
by host cells for the substratum on the blastocoel roof that
stimulates VBI development (Maeno et al., 1994a,b). Both of
these factors would prohibit detection of a contribution
from the RLEM to the VBI. Grafts from the caudal marginal
zone (formerly called the ventral marginal zone), where the
authors routinely detected VBI and DLP progenitors, would
be less susceptible to these problems. Caudal leading edge
mesoderm (CLEM) cells begin migrating almost 2 h later
than RLEM cells, so grafts from the caudal marginal zone
made at st. 10 would include the leading edge population. In
addition, the graft has 2 h to heal before the migration of
these cells commences. Hence, surgery at st. 10 would be
minimally disruptive to development of cells in the caudal
marginal zone, but maximally disruptive for cells in the
rostral marginal zone. It would be worthwhile for the
grafting experiments from various circumferential posi-
tions of the marginal zone to be repeated with st. 8
embryos, which would allow adequate time for all regions
to recover from surgical intervention.
Comparison of the Fate Maps for the VBI and
Primitive Blood
There are differences in the fate maps of primitive blood
(Lane and Smith, 1999) and the VBI (Mills et al., 1999),
despite the fact that both groups used dextran conjugates to
map. Mills et al. (1999) observed more widespread contri-
butions from animal tier blastomeres to the VBI than Lane
and Smith (1999) observed for the primitive blood, and this
may tell us about an important difference between the two
structures. The VBI and the primitive blood are causally
connected and are often considered as interchangeable, but
it is possible that not all of the cells within the VBI enter
the circulation, at least by st. 41. Other maps reveal that
animal tier blastomeres contribute to the ectodermal com-
ponent that covers the VBI (see Fig. 5 in Dale and Slack,
1987; and Fig. 3F in Lane and Smith, 1999), which also may
have led to positive results for the VBI while yielding
negative results for the circulating primitive blood. Finally,
we note that Vodicka and Gerhart (1995) observed that in
some embryos, progeny of blastomeres A4 and B4 ingress
directly into the leading edge mesoderm rather than invo-
luting around the lip during gastrulation. (This phenom-
enon was never observed in column 1 progeny, while
column 2 and 3 blastomeres were not tested.) Direct ingres-
sion would move animal tier cells from the prospective
somitic mesoderm into the caudal leading edge, where they
would migrate into the caudal end of the VBI, but not
necessarily enter the circulation by st. 41. All of these
factors would cause differences between the fate maps of
the VBI and the primitive blood.
Although the many differences in the fate maps for the
blood compartments cause confusion, they also help em-
phasize that mapping the origins of blood is more difficult
than mapping most other embryonic tissues in frogs. The
VBI and the primitive blood are spatially and temporally
connected, and both are highly dynamic, transient struc-
FIG. 8. Fluorescent primitive blood cells from blastomeres C3
and C4 circulate through the gills in tadpoles. Embryos were
injected at st. 6 and filmed at st. 40. Neither blastomere was
identified as a source of the VBI by Ciau-Uitz et al. (2000). The
retina is to the upper left in all images. (A–D) C3 progeny. (E–H) C4
progeny. The gill arches of embryo are shown at three successive
time points in (A–C) and (E–G). In each set of images, stationary
labeled cells are indicated by white asterisks, while a gill arch is
indicated by a white arrow. Blood cells flowing through the gill
arch appear as ever-changing traces. (D, H) Low-magnification
images of the two embryos reveal typical labeling patterns for
blastomeres C3 and C4, respectively. Caudal lateral plate and
caudal somites are labeled in both embryos.
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tures. Between neurula and tadpole stages, the population
of cells changes continuously as cells migrate into the VBI
and leave via the circulation. We have observed labeled
cells migrating into the region of the caudal VBI in late st.
30 embryos (M.C.L. and M.D.S., unpublished observations).
The hematopoetic genes expressed in the VBI are also in
flux. At this time, no one has devised an accurate means to
assess contributions to these tissues, but it is clear that
both originate primarily from the vegetal region of the
marginal zone throughout its circumference.
Mapping Strategies
The experimental strategies used to construct the various
fate maps for blood have undoubtedly contributed to the
observed discrepancies. Mapping is fraught with technical
problems, which affect many aspects from injection
through detection. We demonstrated in Fig. 4 that diffusion
of the tracer is critical, but other factors that are equally
crucial affect the interpretation of mapping data. For in-
stance, visual detection methods limit interpretation. Us-
FIG. 9. Schematic diagram illustrating marginal zone morphogenesis and the migration of the lateral plate/leading edge mesoderm into
the region of the ventral blood islands. Ectodermal and endodermal derivatives are ignored throughout this figure. See the text for
discussion. All tissues in (A–E) are prospective as no histological differentiation has occurred. (C–E) Modified from Keller (1991) and Lane
and Sheets (2000), with E further modified based on the recent results of Davidson et al. (2002) on closure of the mesodermal mantle. These
authors showed that the mesodermal mantle does not enclose the blastocoel concentrically, as originally depicted by Keller (1991), but that
the mantle closes primarily by advancing rostral and caudal fronts. Abbreviations: CBI, caudal blood islands; CC, circumblastoporal collar;
CLEM, caudal leading edge mesoderm, which gives rise to the intermediate and caudal lateral plate mesoderms; DLP, dorsolateral plate;
hd, head mesoderm; ht, heart primordia; N, notochord; RBI, rostral blood islands; RLEM, rostral leading edge mesoderm, which includes
head, heart, liver and RBI; S, somite; , indicates the animal pole, which in anurans forms epidermis covering the heart; X, marks the site
where the blastopore closes at st. 13, which becomes the anus.
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ing Lac Z or GFP mRNA entails numerous cellular pro-
cesses which are not an issue when using conjugated
dextrans. mRNAs must be translated into proteins with
activity at levels that are detectable. Detection of fluores-
cent dextrans is not dependent on synthetic machinery
within the cell, and they are immediately detectable with-
out postfixation staining, unlike other putative tracers (e.g.,
horseradish peroxidase or -galactosidase). This facilitates
screening, and screening reduces variability. Finally, the
distribution of fluorescent dextrans can be monitored in
real time throughout embryonic development. For these
reasons, fluorescent conjugated dextrans remain the gold
standard for fate mapping in amphibia.
Implications of the Fate Map for Dorsal/Ventral
Axial Patterning in Xenopus
In this paper, we have focused solely on the C-tier for the
following reasons. The extant fate maps constructed from
st. 6 to various stages of development in Xenopus are
numerous and are, in general, very consistent (Nakamura
and Kishiyama, 1971; Dale and Slack, 1987; Moody, 1987b;
Lane and Smith, 1999). Cleavage in early embryos provides
us with convenient packets of cytoplasm to follow when
mapping. Although investigators try to pick the same
“packets” by using regularly cleaving embryos, we must
realize that even regularly cleaving embryos vary. In map-
ping from st. 6, investigators choose four tiers of eight cells,
but exactly where the horizontal cleavage planes lie that
separate C from D and A from B blastomeres varies between
clutches. Despite the fact that selection of regular cleavers
varies, within the tiers that comprise the bulk of the
marginal zone, B-tier blastomeres give rise primarily to
dorsal mesoderm and very little ventral mesoderm, while
C-tier blastomeres routinely give rise to significant
amounts of both dorsal and ventral mesoderm (Lane and
Smith, 1999). These authors found very minor contribu-
tions to primitive blood but very large contributions to
somites from B-tier blastomeres, but significant contribu-
tions to both blood and somites from C-tier blastomeres. A
simple visual demonstration of this is seen in Figs. 2C, 2D,
3B, and 3D in Lane and Smith (1999), where st. 41 embryos
labeled in B4 and C4 can be compared, and st. 41 embryos
labeled in C1 and B1 can be compared. In both cases, the
B-tier blastomeres label dorsal tissues (notochord and/or
somites) almost exclusively, while C-tier blastomeres label
both dorsal (somites) and ventral mesoderm (head meso-
derm and VBI). We note that this labeling trend can also be
distinguished in the data of Dale and Slack (1987) (compare
distributions for blastomeres C2 vs B2 and C3 vs B3 in their
Fig. 5) and Moody (1987b), but is a little harder to see
because large-scale migrations of cells into the caudal VBI
and tailbud from the caudal flank of the embryo are still
occurring at st. 30 and 34, respectively. Evidence of these
migrations is apparent in Figs. 2A–2D in Lane and Smith
(1999). The B4-labeled embryo at st. 30 looks almost the
same as the C4-labeled embryo at this stage, with heavy
label in the caudal flank of the embryos. (This region is the
remnant of the circumblastoporal collar of gastrula, neu-
rula, and tailbud stages.) By st. 41, this label in a B4-injected
embryo has moved almost completely into tail somites and
fins, while in a C4-injected embryo, the label has contrib-
uted to tail somites, fins, and the caudal VBI. These distri-
butions of label in injected embryos are the reason why
Lane and Smith (1999) and Lane and Sheets (2000) place the
hypothetical boundary line between dorsal and ventral
mesoderm within the C-tier (shown in Fig. 1A, where the
lateral plate field, shown in orange, contacts the somite and
notochord fields, shown in red and brick, respectively).
Looking at Fig. 9A, it should be apparent that a slight
change in the position of the cleavage plane between sister
C and D blastomeres could place the bulk of the prospective
lateral plate for that pair into the vegetal portion of C or
into the animal portion of D. As long as we understand this
physical basis for some of the variation observed in map-
ping results, we can deal with the experimental conse-
quences. For example, there are regularly cleaving embryos
with relatively “short” C-tier blastomeres. If one injects
these, one will sometimes see a C-tier blastomere that
contributes very little to ventral mesoderm. However, if
one injects the sister D-tier blastomere with a different
fluorescent dextran, the “missing” ventral mesoderm is
detected (M.C.L. and M.D.S., unpublished observation).
This is the nature of mapping in amphibian embryos
because cleavage is not determinate as it is in some organ-
isms.
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